Introduction
============

Autoimmune hepatitis (AIH) is a chronic disease closely related to abnormal immune stimulation of liver cells, leading to liver cirrhosis, liver cancer, and even death.[@b1-dddt-10-631] However, the only available treatments for AIH are immunosuppressants and liver transplantation, which is far from ideal.[@b1-dddt-10-631]--[@b5-dddt-10-631] Therefore, determination of the pathogenesis of immune-related liver disease and identification of a safe and effective therapy are urgently needed.[@b6-dddt-10-631]--[@b8-dddt-10-631] Of the animal models currently used, intravenous administration of the plant lectin concanavalin A (ConA) is widely used to induce acute hepatitis in mice and has unique pathogenic features and similarities in immune-mediated hepatitis to those seen in humans, such as in AIH, acute viral hepatitis, and hepatitis caused by drug toxicity.[@b5-dddt-10-631] ConA-induced liver injury is mainly caused by abnormal immune response against liver cells and secretion of cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, interferon (IFN)-γ, and IL-1β, thus mediating liver damage.[@b9-dddt-10-631]--[@b11-dddt-10-631] Of these cytokines, IL-6 is particularly significant due to its multiple functions in the immune system and liver injury.[@b12-dddt-10-631],[@b13-dddt-10-631]

Apoptosis, as a major constituent of programmed cell death, is choreographed by a set of previously dormant proteases, the caspases,[@b14-dddt-10-631] which can be triggered by both extrinsic (the "death receptors") and intrinsic (the "mitochondria") pathways.[@b15-dddt-10-631]--[@b23-dddt-10-631] The Bcl-2 family, including the BCL-2 homology (BH) 3-only proteins, contributes the procedure.[@b24-dddt-10-631]--[@b26-dddt-10-631] Bcl-2/E1B-19K interacting protein 3 (BNIP3) is one of the BH-3-only proteins. BNIP3 dissociates Beclin-1 from the Beclin-1/Bcl-2 complex by competing with Beclin-1 for binding with Bcl-2; therefore, when excess BNIP3 is present to bind Bcl-2, more Beclin-1 is free to induce autophagy.[@b24-dddt-10-631],[@b27-dddt-10-631]--[@b30-dddt-10-631] Autophagy has both prosurviving and prodeath functions by accumulating autophagosomes and lysosomes, leading to the degradation of mitochondria and endoplasmic reticulum. Recent evidence suggests that autophagy acts against liver protection.[@b31-dddt-10-631]--[@b41-dddt-10-631] Beclin-1 is an essential autophagy gene, which physically interacts with Bcl-2 and forms the Beclin-1/Bcl-2 complex, and is regulated by the BH-3-only proteins.[@b21-dddt-10-631],[@b42-dddt-10-631] Thus, the BH-3-only proteins are involved in the regulation of both apoptosis and autophagy. In in vitro experiments using glioblastoma cells, the genetic or pharmaceutical inhibition of phosphorylated STAT3 abrogates ConA-induced BNIP3 expression, indicating that the increased expression of BNIP3 is regulated by STAT3 phosphorylation.[@b43-dddt-10-631] Therefore, the IL-6/JAKs/STAT3 signaling pathway may be involved in the stimulation of BNIP3.[@b43-dddt-10-631]--[@b49-dddt-10-631]

Epigallocatechin-3-gallate (EGCG), the most abundant component in green tea, exhibits a wide range of biological and pharmacological properties, such as antioxidant, anticancer, anti-infection, and anti-inflammatory activities.[@b50-dddt-10-631]--[@b56-dddt-10-631] Several animal models have been established to identify the properties and mechanisms of EGCG in liver damage, including ischemia/reperfusion liver injury, carbon tetrachloride (CCl~4~)-induced liver injury, and hepatitis B virus-induced liver injury.[@b51-dddt-10-631]--[@b55-dddt-10-631] Recently, its function in improving the symptoms and pathological conditions in autoimmune diseases has attracted much attention. Previous studies have shown that EGCG exhibits hepatoprotective effects in ConA-induced AIH;[@b57-dddt-10-631] Liu et al[@b58-dddt-10-631] found that EGCG could suppress NF-κB-mediated inflammation. However, whether apoptosis and autophagy are involved in these actions and their possible mechanisms have not yet been fully elucidated. Several in vitro and in vivo studies on EGCG have shown that it inhibits the secretion of cytokines such as IL-6 in liver injury and acts as a protective factor in cancer via the JAKs/STAT3 pathway.[@b57-dddt-10-631]--[@b64-dddt-10-631]

In this study, we investigated the effect of BNIP3 on ConA-induced AIH and the possible involvement of the IL-6/JAKs/STAT3 pathway in this effect. We hypothesized that EGCG acts as a protective factor in ConA-induced AIH and identified the underlying mechanism of its functions.

Materials and methods
=====================

Reagents
--------

Both EGCG and ConA were purchased from Sigma-Aldrich (St Louis, MO, USA). The alanine aminotransferase (ALT) and aspartate aminotransferase (AST) microplate test kits were purchased from Jiancheng Bioengineering Institute (Jiancheng Biotech, Nanjing, People's Republic of China). Enzyme-linked immunosorbent assay (ELISA) kits for TNF-α, IL-6, IFN-γ, and IL-1β were purchased from R&D Systems (Minneapolis, MN, USA). The antibodies used in this study, which included TNF-α, IL-6, IFN-γ, IL-1β, Bcl-2, Bax, Caspase-3, Caspase-9, Beclin-1, LC3I/II, LC3II, P62, JAK1, JAK2, STAT3, p-STAT3, and BNIP3, were obtained from Cell Signaling Technology (Danvers, MA, USA). The RNA polymerase chain reaction (PCR) kit was purchased from TaKaRa Biotechnology (Dalian, People's Republic of China).

Animals
-------

Male Balb/c mice (6--8 weeks old, 23±2 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, People's Republic of China). The mice were housed in an environment maintained at a temperature of 24°C±2°C and 55% humidity under a 12:12-hour light:dark cycle, with free access to a chow diet and water. All animal experiments were performed based on the National Institutes of Health Guidelines and approved by the Animal Care and Use Committee of Shanghai Tongji University.

Hepatocyte isolation
--------------------

Primary hepatocytes were isolated using a two-step perfusion method.[@b65-dddt-10-631] Mice were executed and then laparotomized after soaking in 75% ethanol. The hepatic portal vein was perfused with 10 mL of prewarmed D-Hanks' buffer for 10 minutes, followed by 5 mL of 0.02% type V collagenase solution. Liver tissues were cut into small pieces and placed in collagenase V solution in a shaking water bath for approximately 30 minutes. The cell suspensions were then filtered into a glass tube and centrifuged at 800× *g* for 5 minutes. Roswell Park Memorial Institute (RPMI)-1640 culture medium was added to the washed primary hepatocytes and then incubated at 37°C with 5% CO~2~. Isolated hepatocyte viability was determined with Trypan blue exclusion, which exceeded 95%.

Cell culture and cell proliferation analysis
--------------------------------------------

The primary hepatocytes were cultured in RPMI-1640 culture medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Hyclone, Argentina, South America), 100 U/mL penicillin, and 100 g/mL streptomycin (Thermo Fisher Scientific) in a humidified incubator at 37°C with 5% CO~2~. The cells were plated in 96-well plates and were cultured with the indicated concentrations of EGCG only or treated with EGCG 24 hours before stimulation with ConA at a concentration of 30 μg/mL.[@b32-dddt-10-631] Approximately 10 μL CCK-8 solution (Peptide Institute Inc., Osaka, Japan) was then added to each well. The plate was maintained in the incubator for 4 hours. The absorbance was measured at 450 nm using a microplate reader.

The primary hepatocytes were divided into four groups: Control group: treated with phosphate-buffered saline (PBS) only as vehicle;EGCG group: treated with EGCG diluted in PBS at a concentration of 20 μM;ConA group: treated with ConA dissolved in PBS solution at a concentration of 30 μg/mL;ConA + EGCG group: EGCG administered 24 hours before stimulation with ConA.

Preliminary study
-----------------

PBS was used to dissolve EGCG. Seventy-two mice were randomly divided into four groups (n=18): Control group: no treatment;PBS group: PBS by gavage;Low EGCG group: 10 mg/kg EGCG by gavage twice daily for 10 days;High EGCG group: 30 mg/kg EGCG by gavage twice daily for 10 days.

Six mice from each group were randomly selected and sacrificed. All serum and liver tissue samples were collected and stored at −80°C.

Drug administration
-------------------

Normal saline was used to dissolve ConA and the resulting solution was injected via the tail vein at a dose of 25 mg/kg to induce acute hepatic injury according to previous research.[@b1-dddt-10-631],[@b32-dddt-10-631] The EGCG dose (10 or 30 mg/kg) was orally administered to mice twice daily for 10 days before the induction of hepatitis.[@b57-dddt-10-631],[@b58-dddt-10-631] Ninety-six mice were randomly divided into four groups (n=24): Normal group: PBS by gavage;ConA group: ConA injected via tail vein following PBS by gavage;Low EGCG group: ConA injected via the tail vein with 10 mg/kg EGCG by gavage;High EGCG group: ConA injected via the tail vein with 30 mg/kg EGCG by gavage.

Eight mice from each group were randomly selected and sacrificed at the time points 2, 8, and 24 hours.

Biochemical analysis
--------------------

### Serum aminotransferase assay

After blood collection, serum was separated by centrifugation at 4,300× *g* for 10 minutes at room temperature. Serum AST and ALT were measured by an automated chemistry analyzer (Olympus AU1000, Olympus, Tokyo, Japan).

### Serum cytokine measurement

ELISA kits were used to assess the serum levels of TNF-α, IL-6, IFN-γ, and IL-1β according to the manufacturer's instructions.

Histopathology
--------------

A portion of liver tissue was incubated in 4% paraformaldehyde for at least 24 hours and then embedded in paraffin. Sections (3 μm thick) were cut for hematoxylin and eosin (H&E) staining, and the degree of inflammation and tissue damage was observed by light microscopy.

Immunohistochemistry
--------------------

After heating in a baking oven at 60°C for 20 minutes, the prepared paraffin-embedded sections were dewaxed and rehydrated with xylene and various concentrations of alcohol. Antigens recovered in citrate buffer (pH 6.0) were then heated in a 95°C water bath for 20 minutes. Endogenous peroxidase activity was blocked by incubating in 3% hydrogen peroxide for 20 minutes at 37°C. Membranes were ruptured with 0.2% Triton at room temperature for 30 minutes and non-specific binding sites were blocked with 5% bovine serum albumin at 37°C for 20 minutes, followed by incubation at room temperature for 10 minutes. The liver slices were then incubated overnight with the primary antibodies anti-LC3II (1:500), anti-Beclin-1 (1:500), anti-IL-6 (1:500), anti-JAK1 (1:1,000), anti-JAK2 (1:1,000), anti-p-STAT3 (1:1,000), and anti-BNIP3 (1:500). On the second day, the slices were incubated with secondary antibody (goat anti-rabbit; Epitomics, Burlingame, CA, USA) for 30 minutes at room temperature and were analyzed with a diaminobenzidine kit. The slices were then counterstained with hematoxylin, dehydrated with graded ethanol and xylene, and mounted with Entellan. The slices were then observed by light microscopy. Color development was filmed with a digital camera (Olympus) connected to a microscope (Leica, Wetzlar, Germany). The integrated optical densities (IODs) of the different indicators were calculated using Image-Pro Plus software 6.0 (Media Cybernetics, Silver Spring, MD, USA).

Western blotting analysis
-------------------------

Liver tissues were removed from storage at −80°C and lysed with radioimmunoprecipitation assay lysis buffer and protease inhibitors. Protein concentrations were detected by the bicinchoninic acid protein assay (Kaiji Biology, Nanjing, People's Republic of China). Samples were then boiled with 5× sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE) sample-loading buffer. The treated samples were separated by SDS-PAGE according to standard protocols and then transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% nonfat milk (dissolved in PBS) for 1 hour and the blots were then incubated overnight at 4°C with the following primary antibodies: β-actin (1:1,000), TNF-α (1:500), IL-6 (1:500), IFN-γ (1:500), IL-1β (1:500), Bcl-2 (1:500), Bax (1:500), Caspase-3 (1:500), Caspase-9 (1:500), Beclin-1 (1:500), LC3I/II (1:500), P62 (1:500), JAK1 (1:1,000), JAK2 (1:1,000), STAT3 (1:1,000), p-STAT3 (1:1,000), and BNIP3 (1:500). β-Actin was used as an internal reference for cytoplasmic proteins. All PVDF membranes were washed with PBST (PBS containing 0.1% Tween), then incubated with a secondary goat anti-mouse or anti-rabbit antibody (1:2,000) for 1 hour at 37°C. Finally, the membranes were washed with PBST three times for 10 minutes each time and the proteins were detected with the Odyssey^®^ two-color infrared laser imaging system (fluorescence detection).

Reverse transcription (RT)-PCR and quantitative real-time (qRT)--PCR
--------------------------------------------------------------------

Total RNA was extracted from liver tissues by TRIzol reagent (Thermo Fisher Scientific), transcribed into cDNA using the reverse transcription kit (TaKaRa Biotechnology), and then was detected and analyzed by SYBR Green qRT-PCR using a 7900HT fast real-time PCR system (ABI, Foster City, CA, USA) according to the SYBR Premix EX Taq instructions (TaKaRa Biotechnology). The primers used in the PCR are listed in [Table 1](#t1-dddt-10-631){ref-type="table"}.

Transmission electron microscopy (TEM)
--------------------------------------

A portion of liver tissue was placed in 2% glutaraldehyde buffer and the cells were observed by TEM (JEM 1230, JEOL, Tokyo, Japan).

TUNEL assay
-----------

Apoptosis of liver tissues was assessed using the TUNEL assay. Paraffin-embedded sections (5 μm) were cut and deparaffinized, followed by digestion with 20 μg/mL proteinase K (Sigma-Aldrich) for 15 minutes at room temperature. The slides were washed four times, then incubated with 2% hydrogen peroxide in PBS for 5 minutes at room temperature, washed twice, and then immersed in Terminal deoxynucleotidyl Transferase-containing buffer for 15 minutes. An antidigoxigenin antibody fragment carried a conjugated reporter enzyme (peroxidase) to the reaction sites, and then localized peroxidase generated an intense signal from the chromogenic substrate diaminobenzidine. The counterstain was methyl green.

Detection of apoptosis by flow cytometry
----------------------------------------

Primary hepatocytes were cultured in six-well plates. Cells in the PBS, EGCG, ConA, and ConA + EGCG groups were collected after 24 hours. The cells were centrifuged, washed twice with PBS, and mixed in 100 μL of 1× binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl~2~). After culturing for 15 minutes at room temperature in Annexin-V/PI (BD Biosciences, San Jose, CA, USA) double-staining liquid, the cells were examined by flow cytometry (Cytomics FC500; Beckman Coulter, Fullerton, CA, USA). The percentage of apoptotic cells was calculated using ModFitLT software (Verity Software House Inc, Topsham, ME, USA).

Statistical analysis
--------------------

Data are expressed as mean ± standard deviation. ELISA and real-time PCR data were analyzed by one-way analysis of variance. The serum levels of ALT and AST, necrotic or edematous areas on histopathology, and Western blot were analyzed by Student's *t*-test. In all comparisons, *P*\<0.05 was considered statistically significant. All statistical analyses were calculated with GraphPad Prism version 6.0 for Windows (GraphPad Software, Inc., San Diego, CA, USA).

Results
=======

EGCG does not affect liver function or the inflammatory response
----------------------------------------------------------------

To test whether the drug solvent affected liver function, we analyzed the levels of liver enzymes and cytokine release in the presence of PBS and EGCG. As shown in [Figure 1A](#f1-dddt-10-631){ref-type="fig"}, the levels of serum ALT and AST in the four groups were similar, as were the serum levels of TNF-α, IL-6, IFN-γ, and IL-1β ([Figure 1B](#f1-dddt-10-631){ref-type="fig"}). In addition, H&E staining showed no obvious necrosis ([Figure 1C](#f1-dddt-10-631){ref-type="fig"}). Therefore, these results illustrated that the drug solvent had no effect on liver function or the inflammatory response. In addition, in the in vitro experiment, treatment with EGCG only showed no obvious difference compared with the PBS group ([Figure 2A--D](#f2-dddt-10-631){ref-type="fig"}), indicating that EGCG showed no potential hepatocyte toxicity even at the highest dose (30 μM) in our experiment.

EGCG pretreatment attenuates ConA-induced hepatitis
---------------------------------------------------

To determine the effects of EGCG pretreatment on ConA-induced liver injury, the levels of ALT and AST in serum in each group were measured. We found that the levels of ALT and AST clearly increased following ConA injection at all time points, and reached a peak at 8 hours ([Figure 3A](#f3-dddt-10-631){ref-type="fig"}). However, the elevation in ALT and AST was reversed by EGCG pretreatment. The same results were obtained in the immunohistochemical study ([Figure 3B](#f3-dddt-10-631){ref-type="fig"}). Massive areas of necrosis were observed in the ConA-treated group. The severity of necrosis increased with time, with the greatest area of nuclear fragmentation seen at 24 hours. In contrast, the EGCG pretreatment groups showed minor liver damage, indicating that EGCG pretreatment significantly reduced liver necrosis. The EGCG 30 mg/kg dose resulted in a greater improvement in liver tissue. These results showed that EGCG pretreatment attenuated ConA-induced hepatitis in mice.

EGCG pretreatment inhibits the production of TNF-α, IL-6, IFN-γ, and IL-1β in ConA-induced hepatitis
----------------------------------------------------------------------------------------------------

It has been found that the progression of liver injury is associated with a series of proinflammatory cytokines. Therefore, the serum levels of TNF-α, IL-6, IFN-γ, and IL-1β were examined and determined by ELISA ([Figure 4A](#f4-dddt-10-631){ref-type="fig"}). As expected, the production of TNF-α, IL-6, IFN-γ, and IL-1β was substantially increased after ConA injection compared with the normal group and were prevented by EGCG pretreatment, especially at 8 hours. To confirm these observations, the mRNA expression of TNF-α, IL-6, IFN-γ, and IL-1β was determined by qRT-PCR ([Figure 4B](#f4-dddt-10-631){ref-type="fig"}). The results showed that mRNA expression of these cytokines was significantly increased in the ConA-treated group, while EGCG pretreatment reduced the expression at all time points. The protein levels of TNF-α, IL-6, IFN-γ, and IL-1β were then assayed by Western blot ([Figure 4C](#f4-dddt-10-631){ref-type="fig"}). The results showed that the expression of these cytokines decreased in the EGCG pretreatment group compared with the ConA-treated group, reached a peak at 8 hours, and was lower in the high-dose group compared with the low-dose group, similar to the result for mRNA expression. In addition, the expression of IL-6 and TNF-α assessed by immunohistochemistry was significantly increased in the ConA-treated group compared with that in the normal group at 8 hours ([Figure 4D](#f4-dddt-10-631){ref-type="fig"}). Furthermore, EGCG pretreatment significantly attenuated the expression compared with the ConA-treated group. Thus, these results confirmed that EGCG pretreatment inhibited the production of proinflammatory cytokines, such as TNF-α, IL-6, IFN-γ, and IL-1β in ConA-induced acute hepatitis.

EGCG pretreatment downregulated hepatocyte apoptosis and autophagy in ConA-induced hepatitis
--------------------------------------------------------------------------------------------

Bcl-2, commonly known as the antiapoptosis protein, together with the proapoptosis proteins Bax, Caspase-3, and Caspase-9 were evaluated by qRT-PCR and Western blot ([Figure 5A and B](#f5-dddt-10-631){ref-type="fig"}). As expected, with increased drug dose, EGCG pretreatment significantly increased the expression of Bcl-2 and reduced the expression of Bax, Caspase-3, and Caspase-9 compared with the ConA-treated group, with the most obvious change at 8 hours. TUNEL assay also showed clear improvement of apoptosis in EGCG-pretreated compared with ConA-treated mice ([Figure 5D](#f5-dddt-10-631){ref-type="fig"}). Microtubule-associated protein 1 light chain 3, also known as LC3, is an important marker of autophagy; Beclin-1 plays a vital role in autophagy; and P62 is a ubiquitin binding protein involved in autophagy and can be degraded by the autophagosomes.[@b66-dddt-10-631],[@b67-dddt-10-631] Therefore, we determined the expression of LC3 and Beclin-1 in liver tissues using qRT-PCR and Western blot, and both showed a statistically significant increase in the ConA-treated group (*P*\<0.01), while P62 showed the opposite effect, which was reversed by EGCG pretreatment ([Figure 5A and B](#f5-dddt-10-631){ref-type="fig"}). Analysis of the immunohistochemical changes in mouse livers confirmed these results in both apoptosis and autophagy ([Figure 5C](#f5-dddt-10-631){ref-type="fig"}). In addition, the formation of autophagosomes is a pivotal process in autophagy. Hence, electron microscopy was used to observe the ultrastructure of hepatic cells ([Figure 5E](#f5-dddt-10-631){ref-type="fig"}). The ConA-treated group showed an obvious increase in lysosomes, autophagosomes as well as degraded mitochondria and endoplasmic reticulum, while the increase in these structures was prevented by EGCG pretreatment. In addition, all the antiapoptotic and antiautophagic effects of EGCG pretreatment correlated with dosage at all time points ([Figure 5A--E](#f5-dddt-10-631){ref-type="fig"}). Taken together, these results demonstrate that EGCG pretreatment downregulated hepatocyte apoptosis and autophagy in ConA-induced hepatitis.

EGCG pretreatment reduced the expression of BNIP3 by blocking the IL-6/JAKs/STAT3 signal pathway in ConA-induced hepatitis
--------------------------------------------------------------------------------------------------------------------------

BNIP3 has been proven to be crucial in apoptosis and autophagy. To verify the possible mechanism of EGCG, we measured the content of BNIP3 in plasma and liver tissue using qRT-PCR and Western blot. As seen in [Figure 6A and B](#f6-dddt-10-631){ref-type="fig"}, ConA promoted the expression of BNIP3 at both the mRNA and protein levels at all time points, while EGCG dose-dependently attenuated this effect. Immunohistochemical staining also supported the finding that EGCG impacted ConA-induced hepatitis by reducing the expression of BNIP3 ([Figure 6C](#f6-dddt-10-631){ref-type="fig"}).

However, there was insufficient evidence to indicate that EGCG directly interacts with BNIP3. Therefore, we attempted to determine the way in which EGCG regulates BNIP3. Previous studies have shown that BNIP3 is regulated by several transcriptional factors; the IL-6/JAKs/STAT3 signal pathway is a significant factor.[@b43-dddt-10-631]--[@b46-dddt-10-631],[@b68-dddt-10-631]--[@b70-dddt-10-631] Therefore, the concentrations of IL-6, JAK1, JAK2, and p-STAT3 in plasma and liver tissue were evaluated. As seen in [Figure 6B and C](#f6-dddt-10-631){ref-type="fig"}, ConA activated the phosphorylation of STAT3, and EGCG weakened this effect at all time points. The expression of JAK1 and JAK2 was consistent with the dose-dependent changes in BNIP3 and p-STAT3, and with IL-6 ([Figure 4A--D](#f4-dddt-10-631){ref-type="fig"}), while the level of total-STAT3 remained unchanged. These findings indicated that EGCG downregulated the IL-6/JAKs/STAT3 signal pathway, especially the phosphorylation of STAT3. These results showed that EGCG pretreatment reduced the expression of BNIP3 by blocking the IL-6/JAKs/STAT3 signal pathway.

EGCG promoted the proliferation of primary hepatocytes induced by ConA and inhibited apoptosis via the JAKs/STAT3/BNIP3 pathway in vitro
----------------------------------------------------------------------------------------------------------------------------------------

Cell proliferation was analyzed using CCK8. Our results showed that the proliferation rate of primary hepatocytes treated with increasing concentrations (0--30 μM) of EGCG before ConA administration was dose-dependently promoted ([Figure 2A](#f2-dddt-10-631){ref-type="fig"}). Approximately 20 μM was chosen as an effective dose of EGCG for subsequent experiments. The results of flow cytometry, qRT-PCR, and Western blotting showed that apoptosis was elevated after the administration of ConA, while pretreatment with EGCG attenuated the effect ([Figure 2B, C, and E](#f2-dddt-10-631){ref-type="fig"}), indicating that EGCG protected the primary hepatocytes from ConA-induced hepatocyte damage. The protein and mRNA expression of IL-6, JAK1, JAK2, p-STAT3, STAT3, and BNIP3 was then detected with qRT-PCR and Western blot. The results showed increased expression of IL-6, JAK1, JAK2, p-STAT3, and BNIP3 in the ConA group, which was reversed with EGCG pretreatment ([Figure 2D and F](#f2-dddt-10-631){ref-type="fig"}), demonstrating that the protective effect of EGCG in ConA-induced hepatocyte damage was partly through regulation of the IL-6/JAKs/STAT3/BNIP3 pathway.

Discussion
==========

The liver is the largest antitoxic and anti-inflammation organ due to its metabolic functions. The compound EGCG is also well known for its antitoxic and anti-inflammation properties, similar to the liver. Thus, we hypothesized that EGCG may attenuate the pathological changes in liver injury and improve the symptoms. The specific pathogenic mechanisms of AIH, similar to other autoimmune diseases, have not yet been identified and there is no effective cure. Hence, in this study, we used the ConA model of AIH, with or without EGCG pretreatment, to determine the possible pathogenic mechanisms of AIH and to evaluate whether EGCG has a protective effect.

Both ALT and AST are transaminases that are released into the blood after hepatocyte death. As shown in [Figure 3](#f3-dddt-10-631){ref-type="fig"}, the serum levels of ALT and AST were markedly elevated in the ConA-treated group and reached a peak at 8 hours, indicating increased cell death. Staining with H&E confirmed these results, and more necrotic regions were observed at 8 and 24 hours after ConA injection. The transaminase levels and the necrotic regions were reduced by EGCG pretreatment.

Activation of inflammatory cells is initiated during AIH, exhibiting direct cytotoxicity or releasing proinflammatory cytokines, which mediate liver damage.[@b71-dddt-10-631],[@b72-dddt-10-631] A previous study has demonstrated that TNF-α plays an important role in the early stages of inflammation.[@b69-dddt-10-631] Research has shown that IL-6 is another vital mediator during the development of autoimmune diseases.[@b47-dddt-10-631] As shown in [Figure 4](#f4-dddt-10-631){ref-type="fig"}, PCR, Western blot, and immunohistochemistry revealed that the expression levels of TNF-α, IL-6, IFN-γ, and IL-1β in liver tissue increased sharply after ConA injection, especially at 8 hours, which was in accordance with previous studies.[@b72-dddt-10-631] However, EGCG reversed this effect, in a dose-dependent manner. IL-6 was particularly reduced in the EGCG pretreatment groups, and was considered to be the specific initial mechanism in the protective effect of EGCG in liver damage.

Following the binding of IL-6 to its receptor, the JAK kinases, especially JAK1 and JAK2, contribute to phosphorylation of the IL-6 receptor complex, while STAT3 transiently binds to generate the latter. STAT3 is subsequently phosphorylated by the JAKs and dissociates to dimerize and translocate to the nucleus. Phosphorylated-STAT3, as a transcription factor, increases the expression of several target proteins, such as BNIP3.[@b43-dddt-10-631],[@b47-dddt-10-631],[@b48-dddt-10-631] The increased expression of BNIP3 interacts with more Beclin-1/Bcl-2 complexes by binding to Bcl-2, resulting in free Beclin-1. The latter subsequently induces autophagy, while the former, the BNIP3/Bcl-2 complex, reduces the antiapoptotic effects of Bcl-2.[@b27-dddt-10-631]--[@b30-dddt-10-631],[@b73-dddt-10-631] In this study, we determined whether ConA functioned through BNIP3, and if the IL-6/JAKs/STAT3 pathway participated in the process. As seen in [Figures 2](#f2-dddt-10-631){ref-type="fig"} and [6](#f6-dddt-10-631){ref-type="fig"}, following ConA administration, the RNA and protein levels of JAK1, JAK2, p-STAT3, and BNIP3 increased immediately, while the level of total STAT3 remained unchanged, confirming our hypothesis. Previous studies have shown that EGCG can block the phosphorylation of STAT3 in hepatoma, chronic lymphocytic leukemia (CLL), and autoimmune arthritis.[@b59-dddt-10-631]--[@b64-dddt-10-631] However, the mechanism of action of EGCG in immune-induced hepatitis remains unclear. In this study, we investigated whether EGCG blocked the JAKs/STAT3/BNIP3 pathway in ConA-induced AIH. As seen in [Figures 2](#f2-dddt-10-631){ref-type="fig"} and [6](#f6-dddt-10-631){ref-type="fig"}, EGCG pretreatment sharply abolished the elevation of JAK1, JAK2, p-STAT3, and BNIP3 at all time points, in a dose-dependent manner. These findings indicate that the JAKs/STAT3/BNIP3 signal pathway may be the mechanism involved in ConA-induced AIH, and EGCG functions via this pathway.

Following the binding of BNIP3 to Bcl-2 and the presence of excess Beclin-1, the BNIP3/Bcl-2 complex inhibits the antiapoptotic effects of Bcl-2, resulting in the initiation of apoptosis by Caspase-9 and Caspase-3,[@b74-dddt-10-631] as shown in [Figure 7](#f7-dddt-10-631){ref-type="fig"}. At the same time, the free Beclin-1 enhanced the induction of autophagy. The cytoplasmic marker, LC3-I, is converted into LC3-II during the formation of autophagosomes.[@b75-dddt-10-631] The autophagy regulating effect of EGCG is under debate. Zhou et al[@b76-dddt-10-631] demonstrated that EGCG stimulates autophagy in HepG2 cells and in mice on a high-fat diet,[@b76-dddt-10-631] while further evidence has proved that EGCG exhibited an antiautophagic effect in Hep3B cells, retinal pigment epithelial cells, skeletal muscle cells, etc.[@b77-dddt-10-631]--[@b82-dddt-10-631] Interestingly, in our mouse model of AIH with EGCG pretreatment, the change in gene and protein expression levels of Bcl-2, Caspase-9, and Caspase-3, as well as Beclin-1, P62, and LC3-II, suggested that as expected, EGCG had a protective effect in liver injury by inhibiting apoptosis and autophagy.

In addition, as shown in [Figures 1](#f1-dddt-10-631){ref-type="fig"} and [2](#f2-dddt-10-631){ref-type="fig"}, treatment with EGCG alone did not affect normal liver function or hepatocytes even at the highest dose administered. A previous study proved that EGCG administered at 50 mg/kg/d for 16 weeks showed no liver toxicity.[@b83-dddt-10-631] Thus, EGCG may be an ideal candidate for use as a therapeutic agent in AIH.

However, the mechanisms involved in ConA-induced hepatitis are complex, as is the function of EGCG; therefore, further research is required.

Conclusion
==========

First, our study demonstrated that in ConA-induced AIH, the IL-6/JAKs/STAT3/BNIP3 signal pathway mediated cell apoptosis and autophagy. Second, we confirmed that EGCG suppressed liver injury caused by ConA in two ways: 1) EGCG reduced the immunoreaction and pathological damage by inhibiting inflammatory factors such as TNF-α, IL-6, IFN-γ, and IL-1β; and 2) EGCG downregulated the IL-6/JAKs/STAT3/BNIP3 signal pathway, which increased the antiapoptotic effect of Bcl-2 and blocked the proautophagic effect of Beclin-1, therefore reducing liver damage. Overall, these findings suggest that EGCG may be a promising potential therapeutic agent for AIH.
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![Effects of PBS and EGCG on the liver function and pathology of healthy mice.\
**Notes:** (**A**) The levels of serum ALT and AST in the four groups did not differ. Data are presented as mean ± SD (n=6, *P*\>0.05). (**B**) Serum levels of TNF-α, IL-6, IL-1β, and IFN-γ in the four groups were evaluated by ELISA (n=6, *P*\>0.05). (**C**) Representative H&E stained sections of the liver (original magnification, ×200).\
**Abbreviations:** PBS, phosphate-buffered saline; EGCG, epigallocatechin-3-gallate; ConA, concanavalin A; ALT, alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.](dddt-10-631Fig1){#f1-dddt-10-631}

![Effects of EGCG on the proliferation and apoptosis of primary hepatocytes induced by ConA.\
**Notes:** (**A**) The proliferation of primary hepatocytes treated with EGCG before ConA induction was detected using CCK8. (**B**) The apoptosis of primary hepatocytes was determined by flow cytometry (n=3, \**P*\<0.05 for ConA versus PBS, ^+^*P*\<0.05 for ConA + EGCG versus ConA). (**C**) The mRNA levels of Beclin-1, P62, LC3, Bcl-2, and Bax in primary hepatocytes were detected by qRT-PCR (n=3, \**P*\>0.05 for EGCG versus PBS, ^\#^*P*\<0.05 for ConA versus PBS, ^+^*P*\<0.05 for ConA + EGCG versus ConA). (**D**) The mRNA levels of IL-6, JAK1, JAK2, and BNIP3 in primary hepatocytes were detected by qRT-PCR (n=3, \**P*\>0.05 for EGCG versus PBS, ^\#^*P*\<0.05 for ConA versus PBS, ^+^*P*\<0.05 for ConA + EGCG versus ConA). (**E**) The protein levels of Beclin-1, LC3, P62, Bcl-2, and Bax in primary hepatocytes were detected by Western blot. (**F**) The protein expression of IL-6, JAK1, p-STAT3, STAT3, and BNIP3 in primary hepatocytes was determined by Western blot.\
**Abbreviations:** EGCG, epigallocatechin-3-gallate; ConA, concanavalin A; PBS, phosphate-buffered saline; SD, standard deviation; qRT-PCR, quantitative real-time polymerase chain reaction.](dddt-10-631Fig2){#f2-dddt-10-631}

![Effects of EGCG on liver function and pathology of mice with ConA-induced acute hepatitis.\
**Notes:** (**A**) The levels of serum ALT and AST changed depending on the EGCG dose, 10 or 30 mg/kg. Data are presented as mean ± SD (n=8, \**P*\<0.05 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA, ^+^*P*\<0.05 for ConA + EGCG \[30\] versus ConA). (**B**) The necrotic and edematous area stained with H&E and used for the liver sections was analyzed with Image-Pro Plus 6.0 (original magnification, ×200). The results show statistically significant differences between the groups (n=8, \**P*\<0.05 for ConA versus PBS, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA).\
**Abbreviations:** ALT, alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin; EGCG, epigallocatechin-3-gallate; ConA, concanavalin A; SD, standard deviation; PBS, phosphate-buffered saline.](dddt-10-631Fig3){#f3-dddt-10-631}

###### 

Effects of EGCG on the production of TNF-α, IL-6, IL-1β, and IFN-γ in mice with ConA-induced acute hepatitis.

**Notes:** (**A**) Plasma TNF-α, IL-6, IL-1β, and IFN-γ, measured by ELISA, was reduced by EGCG pretreatment in mice at doses of 10 and 30 mg/kg. Data are presented as mean ± SD (n=8, \**P*\<0.05 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA, ^+^*P*\<0.05 for ConA + EGCG \[30\] versus ConA). (**B**) The mRNA levels of TNF-α, IL-6, IL-1β, and IFN-γ were evaluated in each group by qRT-PCR (n=8, \**P*\<0.05 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA, ^+^*P*\<0.05 for ConA + EGCG \[30\] versus ConA). (**C**) Protein expression of TNF-α, IL-6, IL-1β, and IFN-γ was detected by Western blotting. (**D**) Immunohistochemistry was used to detect TNF-α and IL-6 (original magnification, ×200). The IODs of the different indices are expressed as mean ± SD (n=8, \**P*\<0.05 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA).

**Abbreviations:** EGCG, epigallocatechin-3-gallate; ConA, concanavalin A; IODs, integrated optical densities; PBS, phosphate-buffered saline; SD, standard deviation; qRT-PCR, quantitative real-time polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay.
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###### 

Effects of EGCG on apoptosis and autophagy in mice with ConA-induced acute hepatitis.

**Notes:** (**A**) The mRNA levels of Bcl-2, Caspase-3, Caspase-9, LC3, P62, and Beclin-1 were measured by qRT-PCR (n=8, \**P*\<0.01 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA, ^+^*P*\<0.05 for ConA + EGCG \[30\] versus ConA). (**B**) Protein expression of Bcl-2, Bax, Caspase-3, Caspase-9, LC3 I/II, P62, and Beclin-1 was detected with Western blotting. (**C**) Immunohistochemistry was used to detect Bcl-2, Bax, LC3 II and Beclin-1 (original magnification, ×200). The IODs of the different indices are expressed as mean ± SD (n=8, \**P*\<0.05 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA, ^+^*P*\<0.05 for ConA + EGCG \[30\] versus ConA). (**D**) TUNEL staining showed apoptotic cells in three groups at 8 hours (×200). The percentage of TUNEL-positive cells are expressed as mean ± SD (n=8, \**P*\<0.05 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA, ^+^*P*\<0.05 for ConA + EGCG \[30\] versus ConA). (**E**) Autophagosome formation was detected in liver tissues with TEM at 8 hours (original magnification, ×10,000). Arrows indicate autophagosomes.

**Abbreviations:** EGCG, epigallocatechin-3-gallate; ConA, concanavalin A; IODs, integrated optical densities; PBS, phosphate-buffered saline; SD, standard deviation; qRT-PCR, quantitative real-time polymerase chain reaction; TEM, transmission electron microscopy.
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![Effects of EGCG on regulation of the JAKs/STAT3/BNIP3 pathway in mice with ConA-induced acute hepatitis.\
**Notes:** (**A**) The mRNA levels of JAK1, JAK2, and BNIP3 were determined by qRT-PCR (n=8, \**P*\<0.05 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA, ^+^*P*\<0.05 for ConA + EGCG \[30\] versus ConA). (**B**) Protein expression of JAK1, JAK2, STAT3, p-STAT3, and BNIP3 was detected by Western blotting. (**C**) Immunohistochemistry was used to detect JAK1, JAK2, p-STAT3, and BNIP3 (original magnification, ×200). The IODs of the different indices are expressed as mean ± SD (n=8, \**P*\<0.05 for PBS versus ConA, ^\#^*P*\<0.05 for ConA + EGCG \[10\] versus ConA).\
**Abbreviations:** EGCG, epigallocatechin-3-gallate; ConA, concanavalin A; IODs, integrated optical densities; PBS, phosphate-buffered saline; SD, standard deviation; qRT-PCR, quantitative real-time polymerase chain reaction; h, hour.](dddt-10-631Fig6){#f6-dddt-10-631}

![Mechanism of EGCG action.\
**Notes:** In ConA-induced autoimmune hepatitis, EGCG reduces autophagy by inhibiting the IL-6/JAKs/STAT3/BNIP3 pathway. IL-6, a proinflammatory cytokine, was overexpressed by inflammatory cells after ConA injection, combined with its receptor, followed by the JAK kinases phosphorylation of STAT3. Phosphorylated-STAT3 translocates to the nucleus and increases the expression of BNIP3. BNIP3 interacts with Beclin-1/Bcl-2 complexes by binding to Bcl-2, resulting in free Beclin-1, leading to autophagy, while the BNIP3/Bcl-2 complex reduces the antiapoptotic effects of Bcl-2, promoting the release of Caspase-9 and Caspase-3, causing apoptosis. Thus, EGCG successfully inhibits the release of IL-6 in inflammatory cells during acute liver injury and reduces apoptosis and autophagy by reducing the phosphorylation of STAT3.\
**Abbreviations:** EGCG, epigallocatechin-3-gallate; ConA, concanavalin-A; IL-6, interleukin-6.](dddt-10-631Fig7){#f7-dddt-10-631}

###### 

Primer sequences used for polymerase chain reactions

  Gene          Primer sequence (5′--3′)
  ------------- --------------------------
  *IL-6*        
   Forward      CTGCAAGAGACTTCCATCCAG
   Reverse      AGTGGTATAGACAGGTCTGTTGG
  *TNF-α*       
   Forward      CAGGCGGTGCCTATGTCTC
   Reverse      CGATCACCCCGAAGTTCAGTAG
  *IFN-γ*       
   Forward      GCCACGGCACAGTCATTGA
   Reverse      TGCTGATGGCCTGATTGTCTT
  *IL-1β*       
   Forward      GAAATGCCACCTTTTGACAGTG
   Reverse      TGGATGCTCTCATCAGGACAG
  *Bcl-2*       
   Forward      GCTACCGTCGTGACTTCGC
   Reverse      CCCCACCGAACTCAAAGAAGG
  *Caspase-3*   
   Forward      CTCGCTCTGGTACGGATGTG
   Reverse      TCCCATAAATGACCCCTTCATCA
  *Caspase-9*   
   Forward      GGCTGTTAAACCCCTAGACCA
   Reverse      TGACGGGTCCAGCTTCACTA
  *P62*         
   Forward      GAGGCACCCCGAAACATGG
   Reverse      ACTTATAGCGAGTTCCCACCA
  *LC3*         
   Forward      GACCGCTGTAAGGAGGTGC
   Reverse      AGAAGCCGAAGGTTTCTTGGG
  *Beclin-1*    
   Forward      ATGGAGGGGTCTAAGGCGTC
   Reverse      TGGGCTGTGGTAAGTAATGGA
  *JAK1*        
   Forward      AGTGCAGTATCTCTCCTCTCTG
   Reverse      GATTCGGTTCGGAGCGTACC
  *JAK2*        
   Forward      GGAATGGCCTGCCTTACAATG
   Reverse      TGGCTCTATCTGCTTCACAGAAT
  *BNIP3*       
   Forward      CTGGGTAGAACTGCACTTCAG
   Reverse      GGAGCTACTTCGTCCAGATTCAT
  *β-Actin*     
   Forward      GGCTGTATTCCCCTCCATCG
   Reverse      CCAGTTGGTAACAATGCCATGT
